We employ non-radioactive in situ hybridization techniques, which combine good tissue morphology preservation with high sensitivity of transcript detection, to map gene expression in the regenerating digestive tube of the sea cucumber Holothuria glaberrima. We investigated localization of transcripts of Wnt9, TCTP, Bmp1/Tll, the genes that have been previously known to be implicated in embryogenesis and cancer. The choice was determined by our long-term goal of trying to understand how the developmental regulatory pathways known to be involved in tumor development can be activated in post-traumatic regeneration without leading to malignant growth. The gene expression data combined with the available morphological information highlight the gut mesothelium (the outer layer of the digestive tube) as a highly dynamic tissue, whose cells undergo remarkable changes in their phenotype and gene expression in response to injury. This reversible transition of the gut mesothelium from a complex specialized tissue to a simple epithelium composed of rapidly proliferating multipotent cells seems to depend on the expression of genes from multiple developmental/cancer-related pathways.
Introduction
Regeneration, although a distinct phenomenon, is known to rely in part on the mechanisms, that are normally involved in embryogenesis, but recapitulation of the developmental program is never absolute (Carlson, 2007) . On the other hand, there are also clear similarities between regeneration and cancer (see, for instance, White and Zon, 2008) . The fundamental question here is twofold. First, to what extent does regeneration depend on the mechanisms of normal development? Answering this question will help to understand whether and how re-deployment of developmental programs will help to design new therapeutic approaches to treat the poorly regenerating human body parts. The second issue is what makes regenerative processes stay under control for the benefit of the organism as a whole, without leading to runaway malignant growth. To answer these questions, one needs an extensive knowledge of the mechanisms that underlie regenerative responses.
Arguably, one of the most suitable models in which to seek the answer to the above questions is visceral regeneration in sea cucumbers (holothurians). These marine invertebrates are classified within the phylum Echinodermata, which, on the one hand, is closely related to chordates, and, on the other hand, many members of the phylum are among the best deuterostomian regenerators. Visceral regeneration in sea cucumbers is a naturally occurring phenomenon, which follows autotomy (evisceration) of internal organs in response to adverse stimuli (Byrne, 2001; Hyman, 1955; Wilkie, 2001) . A wealth of information has been accumulated on the morphology of the digestive tube in uninjured and regenerating animals and on the cellular mechanisms of regeneration (García-Arrarás et al., 1998; Mashanov and Garcia-Arraras, 2011; Mashanov et al., 2005; Mashanov et al., 2010) . Over the last decade, the molecular events involved in regeneration have also started to be uncovered (Mashanov and Garcia-Arraras, 2011; Mashanov et al., 2010; Ortiz-Pineda et al., 2009; Sun et al., 2011) . Of particular interest in the context of the present study is the observation that the regenerating animals showed significant up-regulation of survivin and mortalin, two genes that are known not only to be involved in embryogenesis and normal stem cell maintenance, but also in cancer progression (Mashanov et al., 2010) .
Here, we continue this line of research. A recent microarray study indicated Wnt9, TCTP and Bmp1/Tll as being significantly up-regulated in sea cucumber gut regeneration, as compared with non-injured animals (Ortiz-Pineda et al., 2009 ). These genes have been previously known to be implicated both in embryogenesis and cancer progression, and here we report their spatio-temporal expression patterns in the regenerating gut of the sea cucumber Holothuria glaberrima.
Wnt genes code for highly conserved secreted signalling proteins that are involved in regulation of diverse cell functions, including cell division, cell death, fate decision, cytoskeleton dynamics, cell adhesion, establishing cell polarity, etc (Croce and McClay, 2008; Nejak-Bowen and Monga, 2011; Taipale and Beachy, 2001; Wend et al., 2010) . Wnt 9 is one of the least studied members of Wnt family. Most published studies have focused on the role of two paralogs, Wnt 9a and Wnt 9b, in vertebrate embryogenesis. For instance, Wnt 9a was found to be essential for normal liver morphogenesis (Matsumoto et al., 2008) , and development of iris and corneal epithelium (Fokina and Frolova, 2006) . Wnt9b plays an important role in craniofacial morphogenesis (Juriloff et al., 2006; Lan et al., 2006) and also in kidney development (Karner et al., 2011) . However, there have been no reports on the role of Wnt9 subfamily members in regeneration.
Translationally controlled tumor protein (TCTP) is a regulator of cell division and cell growth, which is ubiquitously found in all eukaryotes. TCTP is up-regulated in highly proliferating normal tissues and in various cancers. Its expression levels also change significantly under various stress conditions, such as starvation, heat shock, proapoptotic/ cytotoxic signals (Bommer and Thiele, 2004; Pollins et al., 2007; Zhu et al., 2008) . TCTP is also an important developmental gene. In mice, knockout of TCTP leads to early embryonic lethality associated with defects in cell cycle progression and excessive cell death (Chen et al., 2007a) . Its expression is also reported to be associated with the mesoderm development (notochord, presomitic mesoderm, nascent somites) in amphioxus (Chen et al., 2007b) . Besides involvement in control of cell proliferation, known cellular functions of TCTP include prevention of apoptosis via inducing degradation of p53, a major tumour suppressor protein (Bommer and Thiele, 2004; Rho et al., 2011) . TCTP has also been implicated in regeneration, however, all known reports are restricted to mammals (Jiménez et al., 2005; Pollins et al., 2007; Zhu et al., 2008) . Since mammals, and human in particular, have very limited regenerative potential, we therefore, asked whether the role of TCTP in posttraumatic recovery is a more general phenomenon and whether it would be also involved in more robust regeneration responses, such as those that are seen in echinoderms.
Bone morphogenic protein1 (BMP1)/Tolloid (TLD)-like proteins constitute a subgroup of multidomain secreted zinc endopeptidases within the astacin (M12A) family. In mammals, there are four BMP1-like proteinases, including BMP1, Tolloid (TLD), Tolloid-like 1 (TLL1), and Tolloid-like 2 (TLL2). These peptidases play multiple roles in developmental morphogenetic processes. First, they are essential for the proper formation of the extracellular matrix via cleavage of the precursor molecules followed by release of the mature connective tissue proteins (Ge and Greenspan, 2006; Hopkins et al., 2007) . The second function of BMP1-like metalloproteinases is activation of TGFβ-like growth factors by liberating them from latent complexes with their inhibitors (Ge and Greenspan, 2006; Hopkins et al., 2007) . Among these morphogenetic factors are TGFβ-like BMPs, which are involved in a vast diversity of developmental processes (Bragdon et al., 2011) , myostatin and CDF11, negative regulators of muscle growth and neurogenesis, respectively, and TGFβ-1, which controls cell differentiation, growth, and apoptosis (Ge and Greenspan, 2006) . Significant up-regulation of Bmp1 transcription level was reported in human osteosarcoma cells, and can therefore contribute to cancer progression (Lee et al., 1997) .
We show here that Wnt9, TCTP, and Bmp1/Tll transcripts are extensively expressed in sea cucumber gut regeneration and hypothesize that the products of these genes contribute to the enormous injury-triggered plasticity of adult tissues seen in echinoderms.
Results

Sequence analysis
Unlike vertebrates, who have two paralogs Wnt9a and Wnt9b, basal deuterostomes, including echinoderms, are characterized by the presence of a single Wnt9 in their genomes (Supplementary Fig. 1 ) (Croce and McClay, 2008; Croce et al., 2006) . Wnt9 gene of H. glaberrima, encodes a 368 amino acid protein, which shares typical characteristics with its vertebrate orthologs (Cox et al., 2010; Fokina and Frolova, 2006; Katoh and Katoh, 2005; Qian et al., 2003) (Supplementary Fig. 1, 2) . As predicted by SignalP3.0 (http://www.cbs.dtu.dk/services/SignalP), it has a 32 amino acid-long N-terminal secretory signal peptide. In eukaryotes, secretory signal peptides allow a protein to be translocated across the endoplasmic reticulum membrane. Once in the endoplasmic reticulum, the proteins are usually targeted for secretion to the outside of the cells, unless they have specific retention signals (Emanuelsson et al., 2007) . The predicted protein sequence of H. glaberrima TCTP is 175 amino acids long. It shows a high degree of conservation in the N-terminal 40 amino-acid long region (16 of 40 amino acids in this region are identical between the sea cucumber and human sequences), which is known to be necessary for the anti-apoptotic function of TCTP. Other conserved features include the TCTP1 signature and the C-terminal self-interaction domain (Yang et al., 2005) ( Supplementary Fig. 3 ).
The sequence of the BMP1/TLL protein of H. glaberrima has not been reported before. We identified the homolog of Bmp1 among 5173 ESTs representing three cDNA libraries from the normal and regenerating digestive tube (Rojas-Cartagena et al., 2007) by BLAST search against the non-redundant NCBI protein database. The full length of the coding region was reconstructed by performing 5' and 3' RACE. Phylogenetic analysis of the sea cucumber BMP1/TLL shows that the sea cucumber protein clusters together with BMP1-like sequences of amphioxus and sea urchin, and that these three proteins form an outgroup relative to the BMP1, TLL1 and TLL2 of vertebrates ( Supplementary Fig. 4 ). Therefore, we prefer to keep the name BMP1/TLL for the sea cucumber sequence. The deduced sea cucumber BMP1/TLD-like protein is 983 amino acids long. It shows exactly the same domain organization as full-length BMP1 of vertebrates (Mac Sweeney et al., 2008) and contains a highly conserved N-terminal metalloprotease domain, two calcium-binding EGFlike domains separated by a CUB domain and flanked on either side by pairs of CUB domains (Fig. 1) . The protease domain contains all the residues known to be essential for catalytic activity (Angerer et al., 2006; Mac Sweeney et al., 2008) : the three histidine residues that bind the zinc ion in the active center of the enzyme, as well as the conservative glutamic acid and tyrosine ( Supplementary Fig. 5 ). The CUB domains are thought to be involved into protein-protein interactions, whereas the ability of the EGF-like domains to bind calcium ions has been hypothesized to affect the configuration of the BMP1/TLD-like proteinase (Hopkins et al., 2007) .
Introduction to the model
It is necessary here to give the reader a brief background on visceral regeneration in sea cucumbers. Organization of the normal and regenerating digestive tube of the sea cucumber H. glaberrima is schematically shown on Fig. 2 . In this species, evisceration involves detachment of the entire intestine from the supporting mesentery, as well as from the esophagus and cloaca. The autotomized viscera are discarded through the anus. The early response to injury involves wound healing at the posterior end of the esophageal stump and at the anterior end of the cloaca. Regeneration per se begins with the formation of a solid rudiment in the free edge of the mesentery, which later serves to guide and enclose the developing lumen that forms as two outgrowth from both the anterior and posterior stumps. For the detailed description of the anatomy of the normal and regenerating digestive tube and for a review of the cellular mechanisms involved, the reader is referred to Hyman (1955) , Garcia-Arraras and Greenberg (2001), and Mashanov and Garcia-Arraras (2011).
Expression patterns in the normal gut
Wnt9-The Wnt9 transcripts are mostly undetectable by in situ hybridization in the tissues of the non-regenerating digestive tube (Fig. 5A ).
TCTP-Many (although not all) of the folds of the luminal epithelium show moderate in situ hybridization signal for TCTP. The signal is restricted to apices and is not detected in the crypts (Fig. 5B ).
Bmp1/Tll-Very weak expression is occasionally seen in the mesothelium of the gut mesentery and also in the luminal epithelium of the second descending intestine. Similarly to the TCTP expression, Bmp1/Tll transcripts in the luminal epithelium are restricted to the apices of the folds ( Fig. 5C -C").
Expression patterns: day 2 after evisceration
Wnt9-Wnt9 transcripts are completely absent from the anterior regenerate (Fig. 3A, 5D ). In the posterior regenerate, moderate to strong hybridization signal is widely distributed throughout the mesothelium of the free distant edge of the mesentery (Fig. 4A , 5G, G'). Wnt9 expression is seen in this region of the posterior regenerate even before the mesenterial thickening starts to develop. Moderate to intense hybridization signal is also often observed in more proximal regions of the mesentery (i.e. in the regions, which are positioned further from the free distal edge and closer to the body wall) (Fig. 4A , 5G''). This expression is often asymmetrical with stronger reaction on one side of the mesentery than on the other. In these proximal regions of the mesentery, the normal organization of the mesothelium is still evident, and the hybridization signal is clearly restricted to the apical half of the epithelial sheet, which is known to be occupied by cell bodies of peritoneal cells ( Fig. 5G'' ). A similar asymmetrical expression pattern is seen in the mesentery attached to the cloacal stump ( Supplementary Fig. 6A ).
TCTP-No in situ hybridization signal is seen in the early anterior regenerate (Fig. 3B, 5E ). However, as in the normal digestive tube, moderate expression is present in the apices of the folds of the luminal epithelium in the esophageal stump ( Supplementary Fig. 6B ). In the posterior rudiment, there is moderate to strong expression of TCTP, which is restricted to mesothelial cells at the free edge of the mesentery (Fig. 4B, 5H , H').
Bmp1/Tll-On day 2, Bmp1/Tll transcripts are mostly absent from the anterior regenerate with the exception of weak asymmetric expression in the mesothelium of the middle region of the mesentery (located approximately half-way between the body wall and the free margin) (Fig. 3C, 5F ). In the posterior rudiment, Bmp1/Tll shows moderate to intense asymmetrical expression in the mesothelium of the distal region of mesentery where the connective tissue thickening starts to form (Fig. 4C, 5I ).
Expression patterns: day 7 after evisceration
Wnt9-By day 7 after evisceration, both the anterior and posterior regenerates develop a conspicuous solid connective tissue thickening in the free edge of the mesentery (Fig. 3D,  4D, 6A, B) . At this stage, Wnt9 transcripts are present in both rudiments and show similar distribution patterns. Intense in situ hybridization signal is seen throughout the mesothelium that covers the rudiment, as well as in the mesothelium of the mesentery, where expression is often asymmetrical (Fig. 3D, 4D , 6A, B). Wnt9 transcripts are also expressed in the stump ('old') tissues, i.e., in the mesothelium of the cloaca (as in non-eviscerated animals) ( Supplementary Fig. 6C ), and both in the mesothelium and luminal epithelium of the esophagus ( Supplementary Fig. 6D, D' ).
TCTP-On day 7, TCTP is strongly expressed all over the mesothelium in both the anterior and posterior regenerates (Fig. 3E, 4E , 6C, D). In the posterior rudiment, moderate to strong asymmetric expression of TCTP transcripts is also seen in the mesothelium of the mesentery, which supports the regenerate (Fig. 4E, 6D) . As in the non-eviscerated animals and at earlier stages of regeneration, TCTP expression on day 7 is also seen in the esophageal stump in the apical region of the luminal epithelium ( Supplementary Fig. 6E ).
Bmp1/Tll-Bmp1/Tll shows moderate expression throughout the mesothelium of the anterior gut regenerate (Fig. 3F, 6E ). Asymmetrical expression at moderate to high level is also seen in the anterior supporting mesentery (Fig. 3F, 6E' ). In the posterior regenerate, the transcripts are presentat high levels only in the mesothelium on one side of the rudiment, while the opposite side shows weak or no expression (Fig. 4F, 6F ).
Expression patterns: day 14 after evisceration
Wnt 9-By day 12 -14 after evisceration, the luminal epithelium of the stumps starts to invade the connective tissue thickening of both the anterior and posterior regenerates (Fig.  2) , which, therefore, develop the typical trilaminar organization of their wall composed of the mesothelium, the connective tissue layer, and the luminal (digestive) epithelium (Fig.  3G, 4G, 7A, B) . In both the anterior and posterior regenerates, Wnt9 is extensively expressed in the mesothelium, but not in the luminal epithelium of the newly developed gut segments. Moderate expression is also seen in mesothelium of the distal mesentery (Fig. 3G, 4G, 7A , B). Wnt9 transcripts almost completely disappear from the 'old' stump tissue. However, positively stained cells are occasionally seen in the luminal epithelium of the cloaca ( Supplementary Fig. 6F ).
TCTP-In the anterior regenerate, weak to moderate TCTP expression is seen in the mesothelium (Fig. 3H, 7C ). The distal part of the supporting mesentery also shows asymmetric expression of TCTP transcripts (Fig. 3H, 7C' ). In the posterior regenerate, TCTP is widely expressed throughout the mesothelium of the rudiment at medium to high levels, but is almost completely absent from the supporting mesentery. The apices of the luminal epithelial folds also show medium in situ hybridization signal (Fig. 4H, 7D ).
Bmp1/Tll-In the anterior regenerate, Bmp1/Tll transcripts disappear from the mesothelium of the rudiment, however, moderate to strong expression is seen in the cells at the apices of the folds of the digestive epithelium, which lines the newly created lumen of the gut regenerate (Fig. 3I, 7E) . Bmp1/Tll expression in the posterior regenerate is highly asymmetrical and is mostly restricted to the distal region of the supporting mesentery and to the mesothelium of the adjacent regions of the rudiment proper. Expression in the rudiment is weaker than at the previous stage, whereas the distal region of the supporting mesentery (at its attachment to the gut regenerate) shows strong in situ hybridization signal (Fig. 4I,  7F ).
Expression patterns: day 21 after evisceration
Wnt9-By day 21, the anterior and posterior regenerates meet and fuse together to form a continuous digestive tube (Fig. 2) . At this stage moderate expression of Wnt9 is still seen in the mesothelium of the anterior segment of the newly formed intestine (Fig. 3J, 7G ), but not in the posterior part of the regenerate (Fig. 4J, 7H ). Asymmetrical expression is also seen in the distal region of the anterior supporting mesentery at its attachment to the intestine (Fig.  3J, 7G ).
TCTP-On day 21 after evisceration, the expression pattern of TCTP in the newly regenerated gut is similar to what is seen in non-eviscerated animals. In the anterior region of the regenerate, the transcripts are restricted to the apices of the luminal epithelial folds (Fig. 3K, 7I ). In the posterior part of the regenerate, TCTP transcripts are mostly absent, with an exception of weak expression in the restricted area of the distal mesentery at its attachment to the gut (Fig.4K, 7J ).
Bmp1/Tll-Bmp1/Tll transcripts largely disappear from the tissues of newly regenerated tissues of the digestive tube by day 21 with the only exception of single scattered cells in the luminal epithelium of the anterior regions of the gut (Fig. 3L, 4L , 7K, L).
Reverse transcription polymerase chain reaction (RT-PCR)
We validated our in situ results by performing end-point RT-PCR (Fig. 8) . NADH dehydrogenaze subunit 5 was used as an internal standard to control for variations in RNA concentration. Obtaining precise quantification of gene expression was outside the scope of the present paper. Nevertheless, the absence or presence of the particular PCR product unambiguously correlated to the absence or presence of the in situ hybridization signal for the corresponding transcript in the normal and regenerating animals. Moreover, differences in the intensity of agarose gel bands representing a particular transcript in the normal and regenerating animals corresponded well with the spread and/or strength of the hybridization signal (Fig. 8) . The specificity of our in situ hybridization probes is further confirmed by the distinct expression patterns and by the fact that hybridization with control probes produced no detectable staining.
Discussion
The present study showed up-regulation of Wnt9, TCTP, and Bmp1/Tll in visceral regeneration in the sea cucumber H. glaberrima. Involvement of these three genes in posttraumatic recovery is of particular interest, since they have been previously implicated in normal development and in cancer progression. On the other hand, their role in regeneration has not been studied extensively.
To our knowledge, the present study provides the first account of involvement of a member of Wnt9 subfamily in post-traumatic regeneration and also the first attempt to map the expression domains of Wnt9 in a species outside the vertebrate lineage. As pointed out above, the single Wnt9 found in modern basal deuterosomes is representative of an ancestral state that existed before the duplication in vertebrates (Croce and McClay, 2008) . It has been shown that the resulting two paralogs, Wnt9a and Wnt9b, although being highly similar in their amino-acid sequence, show little overlap of their expression domains, and, therefore, control developmental processes in different regions of the body (Cox et al., 2010) . The initial function of the ancestral form, before the duplication, is not known. In the digestive tube of non-autotomized individuals of the sea cucumber H. glaberrima, Wnt9 is quiescent, but its expression is triggered shortly after evisceration and is specifically restricted to the mesothelium of the regenerating digestive tube and to the mesothelium of the supporting mesentery. Unfortunately, the available data do not allow us to arrive at any definitive conclusion on the role of Wnt9 in sea cucumber visceral regeneration. The main reason for this is the complexity of Wnt signalling network. Depending on the cellular context, Wnt signalling can play different, and sometimes opposite, roles. Besides the Wnt/beta-catenin pathway there at least two other, 'non-canonical' pathways. In certain cases, activation of different pathways in the same organ leads to different consequences, and, moreover, different Wnt signalling pathways can antagonize one another (Croce and McClay, 2008; Topol et al., 2003; Weidinger and Moon, 2003 ). The regenerating sea cucumber H. glaberrima can express homologs of all the key protein components of the canonical and non-canonical Wnt signalling pathways (Mashanov et al., in preparation) . Which of those pathways are activated during visceral regeneration and the functional consequences of this activation has yet to be studied.
In spite of the lack of direct experimental evidence, some interesting speculations on the role of Wnt9 in gut regeneration can still be drawn by a synthesis of the known information on the cellular processes in Wnt9-expressing regenerating tissues of the sea cucumber and the data on the role of Wnt9 orthologs in other organisms. The strongest expression of Wnt9 is observed on days 7 -14 in the anterior gut regenerate and on days 2 -14 in the posterior regenerate. At these time points the mesothelium (the outer epithelial layer) of the regenerating gut undergoes drastic transformations. Under normal conditions (in noneviscerated animals), the gut mesothelium shows complex organization being composed of a supporting framework of peritoneal cells, a basal musculature formed by myoepithelial cells, and an associated nervous plexus (Feral and Massin, 1982; Mashanov et al., 2004) . Visceral autotomy involves detachment of the digestive tube from its supporting mesentery. It is the breakage zone along the free distal edge of the remaining mesentery that initiates the development of the early gut regenerate. The mesothelium of this region (and to a lesser degree of the rest of the mesentery) undergoes drastic de-differentiation and simplification in organization (Garcia-Arraras et al., unpublished; Mashanov and Garcia-Arraras, 2011; Mashanov et al., 2005) , and this is exactly the region where Wnt9 starts to be expressed. The net result of this transformation is a simplified epithelium composed of irregularly shaped actively proliferating cells. The underlying basal lamina is either breached or completely degraded. Some of these cells detach from the epithelium and invade the underlying connective tissue of the developing gut rudiment as free-moving mesenchymal cells (GarciaArraras et al., unpublished) .
Epithelial-mesenchymal transition and the reverse process, mesenchymal-epithelial transition, are critical for the normal embryogenesis, but are also implicated in cancer and wound healing. Wnt signalling pathways are known to be involved in the control of these changes in cell phenotype (Iwai et al., 2010; Micalizzi et al., 2010) . In the mouse embryo, Wnt9b transcripts were detected in organs or tissues (lung, kidney) that undergo signalling interaction between epithelial and mesenchymal tissues and/or transformation between these tissue types (Fokina and Frolova, 2006; Karner et al., 2011; Qian et al., 2003) . Therefore, one of the possible roles of Wnt9 in sea cucumber regeneration can be the control of transitions between the dedifferentiated mesothelial cells and the mesenchyma.
In the non-eviscerated animals, the hybridization signal for TCTP is restricted to the apices of the luminal epithelial folds of the anterior regions of the digestive tube. The functional role of this expression remains unknown. In the regenerating gut, TCTP is mostly absent from the digestive epithelium, with the exception of the discontinuous mosaic pattern in the luminal epithelium of the growing posterior rudiment. However, a very prominent expression is seen in the regenerating mesothelium. This expression pattern is very similar to distribution of survivin and mortalin transcripts described previously (Mashanov et al., 2010) . This similarity may reflect synergetic action of these genes, since all three of them are known to be involved in apoptosis suppression and regulation of cell division (Altieri, 2008; Bommer and Thiele, 2004; Conte et al., 2009; Wadhwa et al., 2002) . Moreover, the peak of expression of survivin, mortalin, and TCTP in the regenerating gut mesothelium coincides with deep transient dedifferentiation of this tissue. The dedifferentiated cells acquire an ability to undergo rapid cell divisions and eventually give rise to all differentiated cell types of the mesothelium, and, in some species, even contribute to regeneration of the luminal epithelium (Garcia-Arraras et al., 1998; Garcia-Arraras et al., unpublished; Mashanov et al., 2005 ). An interesting correlation here is that all three genes, besides their other functions, are known be involved in maintenance and regulation of stem cells. Mortalin, for instance, is constitutively expressed in planarian neoblasts and is necessary both for normal cell turnover and for regeneration (Conte et al., 2009) . Survivin is involved in maintenace of stem cell and protects them from apoptosis (Li et al., 2010; Marconi et al., 2007) . TCTP is implicated in regulation of pluripotency via control of transcription of oct4 and nanog (Koziol et al., 2007) . Therefore, as was hypothesized earlier (Mashanov et al., 2010) , it is plausible that the plasticity of the holothurian mesothelium, with its ability to undergo transient dedifferentiation, can be due to temporary activation of stem cell regulatory-related pathways.
Bmp1/Tll is markedly up-regulated on days 3 through 12 after evisceration. Of particular interest is the strong expression in the apices of the developing folds of the luminal epithelial in the anterior rudiment, and also the unilateral asymmetric expression in the mesothelium of the posterior regenerate. It is important to note here that Bmp-1/Tolloid was reported to be up-regulated in the anterior, but not in the posterior part of the digestive tube during amphibian intestinal remodelling in metamorphosis and this expression correlated with development of the adult intestinal epithelial structures (Shimizu et al., 2002) . Left-right asymmetry in gene expression is known to be involved in gut morphogenesis in vertebrate embryos (Danesh et al., 2009; Kurpios et al., 2008) . This expression induces asymmetrical changes in cell adhesion and extracellular matrix composition, eventually leading to gut tilting and looping (Kurpios et al., 2008) . We therefore hypothesize that in the regenerating digestive tube of H. glaberrima, Bmp1/Tll may be involved in morphogenetic movements leading to folding of the luminal epithelium and gut looping. BMP1-like proteinases are known to influence the key morphogenetic processes such as cell migration, differentiation, cell division, and cell death either via control of the composition and mechanical properties of the extracellular matrix or via activation of TGFβ-like growth factors (Ge and Greenspan, 2006; Hopkins et al., 2007) . The exact mechanism of Bmp1/Tll action in sea cucumber gut regeneration still remains to be studied. However, possible involvement of Bmp1/Tll in the control over extracellular matrix properties seems quite plausible, since the intestinal regenerate in holothurians is known to undergo large-scale remodelling of its connective tissue (Quiñones et al., 2002) .
Spatio-temporal expression pattern of five genes has been studied in detail so far in sea cucumber gut regeneration. Besides the three genes, described in the present study, involvement of two other genes, survivin and mortalin, has been investigated earlier (Mashanov et al., 2010) . Although all those genes have certain peculiarities in their expression patterns, a general pattern still can be seen. Some of these genes, such as Bmp1/ Tll, TCTP, and survivin are expressed in the luminal epithelium of the growing gut rudiments, but all the five genes show consistent upregulation in the mesothelium of the regenerating intestine starting on days 2 -7 and persisting until at least day 14. As mentioned above, it is during this time period that the gut mesothelium undergoes drastic dedifferentiation, which leads to transient simplification in tissue architecture, increase in cell motility, and, most importantly, to a burst in cell proliferation and broad developmental plasticity (Mashanov and Garcia-Arraras, 2011) . Therefore, genes from multiple developmental/cancer-related pathways, seem to contribute to the reversible transition of the gut mesothelium from a complex specialized tissue to a pool of rapidly proliferating multipotent cells.
Experimental procedures
Animal collection, maintenance, and evisceration
Adult individuals (body length 8.5 -11 cm) of the sea cucumber Holothura glaberrima Selenka, 1867 (Echinodermata: Holothuroidea) were collected from the intertidal zone of the Atlantic coast of Puerto Rico. Evisceration was induced by injecting a few milliliters of 0.35 M KCl into the coelomic cavity. Regenerating animals were kept in aerated indoor seawater tanks.
Sequence analysis
The sequences of H. glaberrima Wnt9 and TCTP were retrieved from the NCBI database (GenBank ID: GQ243223.1 and GU191016.1, respectively). The homolog of Bmp1 was identified among 5173 EST sequences of three cDNA libraries representing the digestive tube of non-eviscerated and regenerating individuals of H. glaberrima (Rojas-Cartagena et al., 2007) by BLAST search against the non-redundant protein database of the NCBI. Fulllength cDNA sequence was obtained by performing 5' and 3' RACE using SMARTer RACE cDNA Amplification kit (Clontech). The resulting sequence of H. glaberrima Bmp1/Tll was deposited into the GenBank under accession number JN602083. Conserved domains were identified by searching against Pfam database (Finn et al., 2010) . The N-terminal secretory signal peptide of Wnt9 was identified by the online program SignalP3.0 (http://www.cbs.dtu.dk/services/SignalP). The sea cucumber sequences were further analysed by performing multiple alignment of the predicted protein sequences with the corresponding orthologs from other animals using ClustalX, version 2.0.12 (Larkin et al., 2007) . The alignments were analysed and annotated using Jalview 2.6.1 (Waterhouse et al., 2009 ). The phylogenetic analysis was performed using MEGA 5 software by neighbourjoining method (Tamura et al., 2011) .
In situ hybridization
At least three animals were used to study the expression pattern of each gene per time point. In situ hybridization was largely performed according to Holland et al. (1996) with some modifications as described in Mashanov et al. (2010) . Briefly, DIG-labeled probes for in situ hybridization were synthesized from PCR-generated DNA templates. The primers used for template synthesis are listed in the Supplementary Table 1. The non-eviscerated and regenerating individuals of H. glaberrima were anaesthetized in 0.2% chlorobutanol (1,1,1-trichloro-2-methyl-2-propanol hydrate) (Sigma) in seawater for 10-15 min at room temperature. The pieces of the normal digestive tube or the anterior and posterior regenerates were excised and fixed overnight at 4°C in a mixture of 4% paraformaldehyde and 0.1% glutaraldehyde in 0.01 M PBS (pH 7.4, 1030 mOsm). The tissue samples were subject to whole-mount in situ hybridization staining in 96-well cell culture plates. Prehybridization steps included treatment with proteinase K and acetylation. The riboprobes were diluted in hybridization buffer to a final concentration of about 400 ng/ml and the hybridization step was carried out at 60°C overnight. After stringency washes, the samples were equilibrated in Blocking Solution (Roche) and incubated in alkaline-phosphataseconjugated anti-DIG antibodies (Roche) (1:2000) overnight at 4°C. After washing off the unbound antibodies, the color reaction was developed in NBT/BCIP solution in the dark. The samples were then postfixed in 4% paraformaldehyde and 0.1% glutaraldehyde in PBS, cryoprotected in buffered sucrose, and cryoembedded in in OCT medium (Takara). Serial cryosections were cut with a Leica CM1850 cryostat, mounted in buffered gelatine/glycerol and then analyzed and photographed with a Nikon Eclipse 600 microscope equipped with DIC optics and a SPOT RT3 digital camera (Diagnostic Instruments, Inc.).
All micrographs in the present paper represent transverse sections, which were cut orthogonal to the main axis of the organs. All figures are orientated with the ventral side of the animal to the bottom.
RT-PCR
In order to validate in situ hybridization results, we performed RT-PCR to verify the presence or absence of the transcripts in the normal and regenerating tissues. Total RNA was extracted from pieces of the normal digestive tube or from the anterior and posterior regenerates (which were dissected out together with 2 -3 mm of the adjacent 'old' stump tissues) using TRI reagent (Sigma). First-strand cDNA was produced from 1 µg of the total RNA with random hexamer primers and ImPromt-II reverse transcriptase (Promega). Amplification was carried out with the same gene-specific primers that were used to construct the DIG-labelled riboprobes for in situ hybridization (Supplementary Table 1) . NADH dehydrogenase subunit 5 was used as the internal control. PCR products were analyzed by agarose gel electrophoresis. 
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Refer to Web version on PubMed Central for supplementary material. RT-PCR showing temporal expression of Wnt9, TCTP, and Bmp1/Tll at different time points of gut regeneration and in non-eviscerated animals. NADH dehydrogenase subunit 5 was used as an internal control. Total RNA for RT-PCR was extracted from pieces of the normal digestive tube or from the anterior and posterior regenerates plus 2-3 mm of the adjacent 'old' stump tissues.
